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Abstract—A passive and reciprocal perfectly refractive meta-
surface is designed using a general susceptiblity synthesis method.
The metasurface uses weak spatial dispersion in the form of bian-
isotropy to achieve perfect refraction. Its operation is validated
using a full-wave simulation of the metasurface implemented with
cascaded metallic layers separated by dielectric.
I. INTRODUCTION
Metasurfaces have recently generated considerable interest
because of their ability to control electromagnetic fields with
an unprecedented level of flexibility along with their easy
fabrication and low-loss characteristics.
One of the most fundamental operations that can be per-
formed with a metasurface is generalized refraction [1]. This
operation may be essentially achieved using periodic phase-
gradient metasurfaces. However, such rudimentary metasur-
faces have been recently shown to suffer from fundamental
limitations, related to energy conservation, that preclude their
capability to realize “perfect” refraction [2], [3], [4].
Specifically, Asadchy et al. have shown in [2] that metasur-
face perfect refraction is attainable under either of the follow-
ing three conditions: 1) the metasurface is nonreciprocal, 2) the
metasurface includes a combination of loss and gain, 3) the
metasurface is bianisotropic with off-diagonal susceptibility
tensor. Among these conditions, the third one is probably
the most attractive since it corresponds to purely passive and
reciprocal designs.
We present here an approach to realize a perfect-refraction
bianisotropic metasurface, using the general synthesis tech-
nique introduced in [5] and applied in [6], and demonstrate
such a metasurface in a practical design via numerical simu-
lations.
II. BIANISOTROPIC METASURFACE SYNTHESIS
The synthesis method in [5] determines the metasurface
susceptibility tensors required to transform a specified inci-
dent field into specified reflected and transmitted fields using
Generalized Sheet Transition Conditions (GSTCs). In the case
of a bianisotropic metasurface lying at z = 0 in the xy-plane
of a cartesian coordinate system, the GSTCs are given as
z˜ ×∆H = jωχeeEav + jωχem
√
µHav, (1a)
∆E× z˜ = jωµχmmHav + jωµχme
√
/µEav, (1b)
where the ∆’s and the ‘av’ subscripts represent the differences
and averages, respectively, of the electric or magnetic fields at
both sides of the metasurface, and χee, χem, χme and χmm are
the bianisotropic susceptibility tensors.
We assume that the bianisotropic metasurface is non-
gyrotropic, non-chiral, and that its susceptibility tensors are
purely transverse. As a result of the former assumption, we
may consider purely x-polarized fields, since the x- and y-
polarized problems are independent from each other. Under
those assumptions and subsequent polarization restriction, the
susceptibility tensors, initially including each 3 × 3 = 9
components for a total of 9 × 4 = 36 components, reduce
to tensors with only χxxee , χ
xy
em , χ
yx
me and χ
yy
mm as non-zero
components.
Thus, Eqs. (1), once the fields have been specified for
a desired refraction, represent a system of 2 equations in
4 unknowns, χxxee , χ
xy
em , χ
yx
me and χ
yy
mm. This is an undeter-
mined system, with 2 available degrees of freedom. Now, as
mentioned in Sec. I, we wish, for fabrication simplicity, the
metasurface to be reciprocal. This requires the refraction to be
symmetric with respect to the direction of propagation. In other
words, denoting the two media surrounding the metasurface a
and b, the refraction from a to b and that from b to a involve
exactly the same incidence and transmission pair (θa, θb), as
shown in Fig. 1.
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Fig. 1. The two refraction operations defining the perfect-refraction bian-
isotropic metasurface. (a) Direct refraction (transformation 1). (b) Reciprocal
refraction (transformation 2).
From this point, it is understood that the problem consists in
simultaneously synthesizing the two transformations illustrated
ar
X
iv
:1
70
4.
01
64
1v
2 
 [p
hy
sic
s.c
las
s-p
h]
  2
6 A
pr
 20
17
in Fig. 1. For the case of TEy polarization (non-zero field
components Ex, Ez and Hy), the fields may be expressed
by the following compact specification, which simultaneously
enforces (1) for the two transformations:[
∆Hy1 ∆Hy2
∆Ex1 ∆Ex2
]
=
[
χxxee χ
xy
em
χyxme χ
yy
mm
] [
Ex1,av Ex2,av
Hy1,av Hy2,av
]
. (2)
In this system, the first columns of the two field matrices are
formed from the fields in the direct transformation [Fig. 1 (a)],
which are (at z = 0)
Eax1 = (kaz/ka)e
−jkaxx, Hay1 = e−jkxax/η0, (3a)
Ebx1 = (Tkbz/kb)e
−jkbxx, Hby1 = (Te−jkbxx)/η0, (3b)
where T is the transmission coefficient and where k(a,b)x =
ka,b sin θa,b and k(a,b)z = ka,b cos θa,b Since we wish a
metasurface that is also without gain and loss, we also have
to enforce power (or the normal component of the Poynting
vector) conservation, which imposes the following restriction
on the transmission coefficient T =
√
kaz/kbz . Note that
T 6= 1 does not mean that the metasurface produces any
reflection, dissipation, or gain. This rather expresses the fact
that the fields on both sides are different if the incidence and
refraction angles are different (in magnitude).
We may now specify the fields for the reciprocal transfor-
mation [Fig. 1(b)]:
Eax2 = (−kaz/ka)ejkaxx/T, Hay2 = ejkaxx/(Tη0), (4a)
Ebx2 = (−kbz/kb)ejkbxx, Hby2 = ejkbxx/η0. (4b)
Inserting (3) and (4) into (2) finally yields the sought after
susceptibility functions χxxee , χ
xy
em , χ
yx
me and χ
yy
mm.
III. SIMULATION RESULTS
Based on the synthesis presented in the previous section,
a bianisotropic refractive metasurface is designed to perfectly
refract a normally incident wave under the angle of 56◦. The
metasurface has been implemented with unit cells composed
of three cascaded metallic layers separated by Rogers 3003
substrates. We used dogbone-shaped unit-cell metallic layers,
as shown in Fig. 2(a). The metasurface was discretized into
6 different unit cells of size λ0/5 and thickness λ0/10 at the
design frequency of 10 GHz. Each unit cell was then optimized
separately in a periodic environment using the commercial
software (CST Studio 2014). Similar techniques to realize the
scattering particles were also used in [6].
The six different unit cells are then combined in a supercell
which is periodically repeated to form the whole metasurface.
This supercell is then be optimized to take into account the
different couplings between adjacent unit cells. This is done
by simulating the Floquet modes of the whole supercell and
modifying the characteristics of the unit cells so as to minimize
the power sent into undesired spatial modes. The front-view of
the final supercell is shown in Fig. 2(b) while Fig. 2(c) shows
the full-wave simulation of the metasurface.
Figure 3 plots the full-wave simulated scattering parameters
of the different spatial modes (or diffraction orders). As
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Fig. 2. Designed metasurface. (a) Generic unit-cell metallic layer. (b) Super-
cell (top layer only visible). (c) Full-wave simulated fields.
per specification and optimization, the T−1 mode achieves
near-perfect transmission (−0.0953 dB) near 10.4 GHz with
isolation of over 20 dB with respect to the other spatial modes.
A similar approach based on three layers of reactive sheets was
presented in paper [7].
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Fig. 3. Full-wave simulated scattering parameters corresponding to the modes
indicated in Fig. 2.
IV. CONCLUSION
We have presented a general technique to realize a passive
and reciprocal perfectly refractive metasurface based on a
bianisotropic susceptibility tensor synthesis. The metasurface
has been demonstrated by full-wave simulation and an exper-
imental design will be presented at the conference.
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